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For the first time, we report the preparation of thorium dioxide with nanofibrous morphology by the
electrospinning method. Two approaches were employed with different electrospun solution composi-
tions and inorganic precursors. Thorium nitrate with polyvinyl alcohol (PVA) as a supporting polymer
was successfully electrospun from an aqueous solution resulting in green composite fibers that were
calcined at 773 K to pure ThO; nanofibers of diameter 76 + 25 nm. Another precursor solution was based

on organic solvents and thorium acetylacetonate complex with polyvinylpyrrolidone (PVP). Green fibers
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methods.

were calcined at 673 K to porous nanofibers of ThO, with an average diameter of 34 + 18 nm and surface
area of 85 m? gfl. The prepared materials were characterized by TGA-DSC, SEM, TEM, PXRD, and BET

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Thorium dioxide, thoria, is a well-known material with an
extended application history in the form of gas mantles for Auer
lanterns [1]. Thoria forms a single polymorph that crystallizes in
the face-centered cubic lattice and belongs to the fluorite family.
The melting point of thoria at 3631 K is the highest of all oxidic
materials [2,3]. Thorium dioxide is weakly radioactive due to the
presence of thorium isotopes, mainly 23Th (99.98%) with a very
long half-life (1.4 x 10'° years). Thorium dioxide found its use in
nuclear reactors as a fertile component of mixed-oxide fuels [4,5].
Thoria-based fuels will be used in Advanced Heavy Water Reactors
[6], and it is also used as a blanket material in Fast Breeder Reactors
[7]. Thoria is also employed in special optical glasses, in refractory
ceramic materials [8], in welding rods for tungsten workup [9], and
potentially as composite heterogeneous catalysts [10—12].

Nanocrystalline particles and nanoparticles found applications
in many areas. They could be used as precursors for obtaining ul-
trafine ceramics. Produced materials have superior properties and
can be prepared under milder conditions than in traditional ap-
proaches. Denser materials could be obtained by a nanoprecursor
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route due to the higher interparticle stress and smaller initial
grains, moreover, by using lower sintering temperatures [13—15].
Production of metal oxide nanoparticles could be achieved by gas-
phase methods including aerosol-based processes, for example
fumed silica or titania from tetrachloride precursors by vapor phase
oxidation [16]. Also, liquid-phase processes could be used, e.g.,
classical methods of sol-gel synthesis, hydrothermal or generally
solvothermal reactions, sonochemical processes, and other various
types of preparations [17]. Every mentioned method is character-
ized by its advantages and final material properties; however, a
general issue in all nanoparticle systems is the same, i.e., a tendency
to agglomerate, in some cases penetration of biological mem-
branes, and relatively difficult handling properties [18]. In com-
parison nanofibers, even calcined ones, act as bulk objects therefore
are easily and relatively safely handled; however, when broken,
ground or pulverized this benefit may disappear.

Preparation of nanocrystalline thoria is a field of interest due to
the direct application of prepared materials in powder sintering
and preparation of potentially superior materials for nuclear fuel,
catalysis, and many other fields. An array of preparation routes have
been tested, and a substantial body of work has been reported on
electrochemical precipitation [19], sol-gel technique [20,21], thin-
film preparation by sputtering [22], aerogel formation [23], citrate
Pechini process [24], combustion methods [25], thermal decom-
position of nitrate [26] and oxalate [27], microwave decomposition


mailto:jpinkas@chemi.muni.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnucmat.2020.152153&domain=pdf
www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat
https://doi.org/10.1016/j.jnucmat.2020.152153
https://doi.org/10.1016/j.jnucmat.2020.152153

2 V. Kundrat et al. / Journal of Nuclear Materials 534 (2020) 152153

Table 1
Electrospinning parameters.

Solution High voltage (+) [kV] High voltage (—) [kV] Flow rate [pl min~!] Electrode distance [cm]
A aqueous/Th(NOs3)4 15.0 + 0.1 -10+0.1 10 15
B organic/Th(acac), 15.0 = 0.1 0* 100 15

*- collector was grounded.

Table 2
Characteristics of electrospinning solutions.

Solution parameter A - aqueous/Th(NO3), B - organic/Th(acac),

Dynamic viscosity [mPa s] 3759 + 1.2 155+ 0.3
Conductivity [puS cm™!] 224+ 0.1 x 103 52+ 1
Surface tension [mN m~!] 75+ 4 24+3

[28], hydrothermal approach [29—31], and non-aqueous solution
thermolysis [32,33].

Electrospinning is an efficient method of production sub-
micrometric and nanoscopic fibers from various materials,
including inorganic ceramic compounds [34—37]. A laboratory
electrospinning set-up in its simplest form is composed of a syringe
pump, a syringe with a metallic needle, a high voltage power
source, and a collector [38]. Electrospinning is a process of mass
transport from the tip of the needle filled with a spinning solution
towards the grounded or negatively charged collector induced by a
high-voltage electric field. The solvent evaporates from the liquid
jet during the flight, and the fibers are then collected in the form of
nonwoven textiles. Inorganic fibers are obtained by calcination of a
green composite of supporting organic polymer and inorganic
precursor. The high-temperature treatment removes the organic
phase, and in an ideal case, only ceramic fibers are left. Further
treatment could involve, for example, reduction or oxidation in a
proper atmosphere. However, the overall process is influenced
from the beginning mainly by the selection of a spinning solution,
its composition, and in case of inorganic materials mainly by the
form of the inorganic precursor.

In the case of thoria, the widely used precursors are thorium
nitrate pentahydrate or tetrahydrate, which are readily soluble in
aqueous solvents. Electrospinning from aqueous solutions is
possible; however, a low evaporation rate and a high surface ten-
sion of polymer solutions are not favorable for obtaining a highly
productive process. Because of these limitations, organic solutions
are introduced; however, different inorganic precursors have to be
applied because of solubility issues in organic solvents. From that
point of view, thorium acetylacetonate is a viable precursor as it is
easily produced by precipitation in basic conditions [39] and sol-
uble in many organic solvents.

Here we present for the first time the preparation of thorium
dioxide polycrystalline nanofibers by the electrospinning method
from two principally different solutions, aqueous and organic, with
two different precursors. The prepared fibers were characterized by
TGA-DSC, SEM, TEM, PXRD, and BET methods.

2. Experimental
2.1. Materials and methods

Thorium nitrate tetrahydrate, Th(NO3)4+-4H0, (99.8%) was ob-
tained from Lachema (CZ) and used in a hydrated form as received.
Thorium acetylacetonate, Th(acac)y, was prepared according to the
literature [39]. Polyvinyl alcohol (PVA, Mowiol 18—88) and Poly-
vinylpyrrolidone (PVP, M,, = 360 kDa) were obtained from Merck
and used as received. Acetone and ethanol (absolute) were
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Fig. 1. TGA/DSC measurements of green composites from solutions A (top) and B
(bottom).

purchased from Penta Chemicals (CZ) in a p.a. quality and used
without further workup.

A custom designed, lab scale electrospinning set-up consisting
of two power sources, positive and negative, capable of delivering
0—25 kV and —15 to 0 kV, respectively, a syringe pump (New Era
Scientific), a plastic syringe with a metallic needle (diameter of
1 mm), and a round collector (diameter of 200 mm) [37]. The
positive power source output was attached to the metallic needle,
and the negative one was connected to the collector. Electro-
spinning was performed in a fume hood and air-conditioned room
with stable relative humidity set at 40% and temperature 23 °C. The
settings of electrospinning variables for the two precursor solutions
are shown in Table 1.

Two solutions were prepared for electrospinning and charac-
terized by viscosimetry, conductometry, and surface tension
measurement.

Solution A

PVA (0.4 g) was dissolved in hot deionized water (4.6 g), and
after cooling down, Th(NOs3)4-4H>0 (0.4 g) was added and dis-
solved. The solution was stirred for 1 h at ambient temperature. A
clear solution was formed and characterized.

Solution B

PVP (0.5 g) was dissolved in ethanol (9 g) by stirring for 1 h.
Th(acac)4 (0.5 g, acac = acetylacetonate) was dissolved in acetone
(5 g) by stirring for a few minutes. After complete dissolution, the
thorium-containing solution was added by a syringe to the stirred
solution of the polymer. A clear solution was formed and
characterized.

2.2. Characterization of electrospinning solutions and prepared
fibers

The prepared solutions A and B were characterized by con-
ductometry, viscosimetry, and surface tension measurements. The
electrical conductivity of solutions was obtained on a Cond51
conductometer from XS Instruments. Viscosity measurement was
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Fig. 2. SEM micrographs of green composites (A, B) and calcined fibers (C, D) produced from PVA/Th(NOs)4 (A, C) and PVP/Th(acac)4 (B, D).

performed on an Alpha Fungilab rotational viscosimeter. Surface
tension was obtained on a Sigma 700 tensiometer with a Wilhelmy
probe. Obtained values for both solutions are presented in Table 2.

By electrospinning, a green fibrous composite of an inorganic
precursor and organic polymer was formed. The fiber mat was
collected on aluminum foil and peeled off. The next step was
calcination of the prepared materials, which was performed in a
muffle oven under an air atmosphere. The green fibers made from
solution A and B were calcined at a temperature of 773 Kand 673 K,
respectively. In all cases, the heating rate was set to 4 h to achieve
the maximum calcination temperature then followed by another
4 h at a constant temperature and finished by spontaneous cooling
down to ambient temperature. After heat treatments, calcined
materials were collected and analyzed.

The prepared nanofibrous materials were characterized by
scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Samples for the TEM measurements were
dispersed in methanol, and 4 pl of the suspension was placed on a
Quantifoil copper grid and allowed to dry by evaporation at
ambient temperature. TEM characterizations were performed on
the FEI Tecnai G2 microscope at 200 kV equipped with a 4k CCD
camera FEI Eagle. Images were analyzed by the Image] software for
the fiber diameter and size distribution. Thermogravimetric and
differential scanning calorimetry (TGA/DSC) analysis was per-
formed on a Netzsch Jupiter STA 449 instrument with a heating rate
of 10 K min~! and the maximum temperature of 1273 K. The PXRD
measurements were performed on a GNR Europe 600 diffractom-
eter with a Co (g, = 1.79030 A) X-ray lamps. The specific surface
area was determined by the BET method using nitrogen as gaseous
adsorbate performed on a Quantachrome Autosorb-1MP poros-
imeter. Pore size distributions were obtained using the density
functional theory (DFT) method [40,41]. The kernel for N, at 77 Kon
silica (cylindrical pore, NLDFT equilibrium model), linear scale, and

bin pore width of 0.500 A were used.

3. Results and discussion

For the primary evaluation of the preparation of thoria nano-
fibers, two solutions were tested based on a different approach
from the solvent and precursor point of view. Thorium nitrate is the
most frequently used precursor for thoria preparation; therefore, it
was used as a starting material together with water-soluble poly-
vinyl alcohol, which is an optimal supporting polymer for electro-
spinning [42—44]. The prepared solution A had high conductivity
due to the presence of dissociated ions and quite a high surface
tension and viscosity due to the dissolved polymer. The second
solution B was based on an organic solvent (ethanol/acetone) and
PVP as a well-spinnable polymer [45—47]. Thorium acetylacetonate
complex is easily soluble in organic solvents and served as an
inorganic precursor. Simple mixing and dissolving of components
of solution B in one vessel were found challenging because of
incomplete dissolution and precipitation, which was observed as
white turbidity in the solution. However, the slow mixing of pre-
pared solutions (PVP in ethanol and Th(acac)4 in acetone) produced
a transparent and slightly yellow homogeneous mixture. The main
difference between aqueous and organic solutions is in their con-
ductivity and dynamic viscosity. The organic solution had sub-
stantially lower values in both parameters. Also, the surface tension
is three times lower than for the aqueous solution. Together with its
high evaporation rate, it results in the substantially different
properties of the solutions, which is evidenced in the electro-
spinning process itself. For successful jet formation, a higher
voltage has to be used in the case of the aqueous solution to
overcome the surface tension. In the case of the organic solution, it
is possible to use a ten times higher feed rate without dripping of
surplus solution (Table 1), which means increased productivity of
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Fig. 3. Histograms of diameters for green composites (A, B) and calcined fibers (C, D) produced from PVA/Th(NOs)4 (A, C) and PVP/Th(acac), (B, D).
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Fig. 4. PXRD measurements of calcined samples. Used lamp Co Ka 1.79030 A. X axis:
d [A], Y axis: relative intensity.

the overall process.

In both cases, a white layer of a fibrous material was collected
and peeled off the collector. Both materials were analyzed by the
TGA/DSC method to obtain information on a proper calcination

temperature (Fig. 1).

Thermogravimetric results revealed the lowest possible tem-
peratures for the complete calcination of the samples. The appli-
cation of these minimal temperatures is crucial to maintain sample
nanocrystalline and small-fiber diameters. The selected tempera-
tures were set at 773 and 673 K for samples A and B, respectively,
due to achieving stable mass.

The samples before and after calcination were studied by SEM
microscopy (Fig. 2). From a structural point of view, electrospinning
of water-based solution produced typical flat ribbon-like fibers, but
classical round submicron fibers were also present. These phe-
nomena of ribbon-like fibers formation and its mechanism are well
described elsewhere [48]. Also, relatively thick diameters were
observed (Fig. 2A) from PVA/Th(NO3)s, however, with a broad
distribution and with two possible maxima observable on the
histogram (Fig. 3A). Electrospinning of the organic solution of PVP/
Th(acac)4 produced PVP-containing fibers (Fig. 2B) with a smaller
diameter than its aqueous counterpart. Distribution of diameters
was less broad (Fig. 3B) than in the previous case, and some part of
prepared fibers was already in the nanoscale range.

Calcination of both samples successfully provided the desired
inorganic material ThO,, which was identified by the PXRD analysis
(Fig. 4). Diffractograms in both cases correspond to ThO, [PDF
42-1462]; however, individual diffractions were very broad, which
corresponds with the nanocrystalline character of these materials.
The average diameters of crystallites based on the Scherrer equa-
tion and phase compositions correspond in both cases to a cubic
ThO; phase with 6.9 nm and 6.0 nm sizes for materials resulting
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B Th02 from PVP/Th(acac)s

Fig. 5. The TEM analysis of calcined products (A, B) with details of nanocrystalline structure (C, D) produced from PVA/Th(NO3)4 (A, C) and PVP/Th(acac), (B, D).

A Thoz from PVA/Th(NO3)4

B Thoz from PVP/Th(acac)s

Fig. 6. Fast Fourier Transformation analysis of detailed ThO, TEM measurements.

from thorium nitrate and acetylacetonate complex, respectively.
However, standard deviation of mean coherence lengths is higher
than the difference between the two products and therefore it is
impossible to differentiate between crystallite sizes. SEM analysis
of the calcined sample (Fig. 2C) from PVA/Th(NOs); revealed
nanofibers with an average diameter of 76 nm and relatively nar-
row distribution (Fig. 3C). The polycrystalline character of the
sample is not observable directly from SEM images. The high-
temperature treatment of the sample prepared from the thorium
acetylacetonate complex successfully provided ultrathin fibers

(Fig. 2D) with a sharp distribution and diameter smaller than 50 nm
in most cases (Fig. 3D). Here also polycrystallinity of the nanofibers
was not visible. Due to this fact, TEM analysis was performed to
prove overall polycrystallinity and the nanocrystalline character of
the prepared materials (Fig. 5).

Detailed TEM analysis was performed by Fast Fourier Trans-
formation for obtaining additional structural data (Fig. 5).

While sample B from thorium acetylacetonate complex shows a
clear polycrystalline structure with a diameter of nanocrystallites
less than 10 nm (Fig. 5D), sample A (Fig. 5C) shows only crystallinity
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Table 3

Summary of processing and material properties of ThO, nanofibers.
Preparation method PVA/Th(NO3), PVP/Th(acac),
Feed rate [ul min~'] 10 100
Average diameter of green fibers [nm] 287 + 104 137+70
Average diameter of calcined fibers [nm] 76 £ 25 34+ 18
Calcination temperature [K] 773 673
Specific surface area [m? g~'] 13 85

observable with a higher magnification. Also, a direct comparison
shows that the acetylacetonate-derived fibers show a much more
open structure while the nitrate-derived fibers are smoother and
more intact on the surface. The Fast Fourier Transformation tech-
nique can provide insight into structural properties from observed
crystal planes, which should correspond closely to the PXRD
measurements. Evaluation of detailed TEM analysis was done by
Image] software and provided two images (Fig. 6). From both
measurements, the formation of two incomplete rings corre-
sponding to crystal planes with distances of 0.32 and 0.28 nm is
observable. Those correspond with planes of the Miller indices 111
and 200 (hkl) also found in PXRD measurements of both samples
(Fig. 4). The analysis, therefore, indicates the presence of the ThO;
phase in its typical CaF, structural type.

The observed open structure of sample B suggested substantial
specific surface area. Surface properties and porosity of prepared
products were examined by adsorption/desorption isotherms of
nitrogen (Fig. 7). In the case of sample A, its BET surface area was
13 m? g, the measured isotherm was of Type III of the [UPAC
classification [49—51]. The surface area of sample B was 85 m? g~
its isotherm was also of Type III. Both hysteresis loops suggest large
pores. Pore size distribution is in each material different. In the case
of thoria produced from thorium nitrate, we can observe two
separate maxima (Fig. 7C), while in the other material, it is a
continuous distribution with a maximum around 3—4 nm (Fig. 7D).
The open structure of sample B from the acetylacetonate complex
shows a higher specific surface area than sample A, which was
prepared from thorium nitrate/PVA composition. Due to that fact,
we can assume that the acetylacetonate complex together with PVP
as a supporting polymer is better for final material properties if the
material is intended for heterogeneous catalysis applications.

4. Summary and conclusions

In this study, we have achieved the preparation of ThO, in
nanofibrous polycrystalline form, which has not been reported in
the literature so far. By that we have enlarged spectrum of mor-
phologies with nanocrystalline structure potentially useful as
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additive or precursor for fuel manufacturing. However further
studies should be done due to unknown sintering properties.
Ceramic fibers are traditionally used as reinforcement in compos-
ites. Potential application of prepared materials could be found also
in that area and preferably in nuclear industry. Other fields for
further studies are heterogenous catalysis or development of sor-
bents due to a relatively high specific surface area. We have
developed two synthetic approaches based on different electro-
spinning solution compositions. Obtained materials differ in their
production speed, morphology, and material properties in general
(Table 3). ThO, prepared from the aqueous solution of thorium
nitrate and PVA features thicker fibers with a lower specific surface
area. Its counterpart, prepared from thorium acetylacetonate
complex and PVP in mixed acetone and ethanol solvents, shows ten
times higher electrospinning productivity than the aqueous one
based on feed rate during process. After calcination, the material
contains ultrafine fibers with an average diameter less than 50 nm.
Small diameter, together with an open porous structure, explains a
relatively large value of the obtained specific surface area of
85 m? g~ . Reasons behind different results are based on funda-
mental distinctions between thoria precursors, used polymers and
electrospinning and calcination conditions. The comparison of
selected properties is presented in Table 3.
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